This paper presents the fabrication and characterization of sodium manganese oxide cathode thin films for rechargeable Na-ion batteries. Layered oxide compounds of nominal compositions Na 0.6 MnO 2 and Na 1.0 MnO 2 have been prepared by radio frequency magnetron sputtering and post-annealing at high temperatures under various conditions. The Na 0.6 MnO 2 thin films possess either a hexagonal or orthorhombic structure while the Na 1.0 MnO 2 films crystallize in a monoclinic structure, as shown by X-ray diffraction and X-ray absorption spectroscopy results. The potential profiles of the film cathodes are characterized by features similar to those measured for the powders and exhibit reversible storage capacities in the range of 50-60 Ah cm -2 m -1 , which correspond to about 120-140 mAh g -1 , and are maintained over 80 cycles. 10.1149/05812.0047ecst ©The Electrochemical Society ECS Transactions, 58 (12) 47-57 (2014) 47 ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 137.110.39.198 Downloaded on 2014-04-22 to IP
Introduction
Rechargeable batteries are essential components for powering ever-more demanding portable electronic devices such as laptops and smart phones (1) . For these applications lithium-ion technology is highly attractive due to its higher gravimetric and volumetric energy densities, and high rate performance (1) . Batteries are also attracting a great deal of attention for static grid applications to prevent massive power blackouts and load stabilization (2) . For this application, sodium-ion batteries are good candidates as they can be based on abundant, low cost and low toxicity electrode materials such as Na, Fe and Mn (3) .
Layered Na-ion cathode materials investigated thus far are divided in two main groups depending upon the stacking of the layers (3) (4) (5) . The first group, denoted O3, is formed by layers of MO 6 octahedra with ABC oxygen stacking separated by Na slabs in which Na cations occupy octahedral sites. Examples of materials with this structure are LiCoO 2 or NaCoO 2 . The second group, denoted P2, is formed of layers of MO 6 octahedra with AB-BA stacking separated by Na slabs in which Na occupies a prismatic site. A parent electrode material adopting this structure is hexagonal Na 0.7 MnO 2 , also denoted -Na 0.7 MnO 2 (6) . In general, the P2 structure offers much larger reversible capacities than the O3 (3) . Given the abundance of Mn and Fe in the Earth's crust, compounds based on these elements are particularly relevant for low cost energy storage alternatives such as Na-ion batteries.
The first report of the electrochemical intercalation properties of Na x MnO 2 materials by Delmas et al. indicated that Na 0.44 MnO 2 and P2 Na 0.7 MnO 2 are excellent candidates for applications as cathode materials, especially Na 0.7 MnO 2 (7) . Several years later, the P2 Na x MnO 2 system was revisited by Caballero et al. which reported that the composition Na 0.6 MnO 2 was stable as a hexagonal P2 structure at temperatures as high as 800C (8) . This was unexpected as the P2 Na 0.7 MnO 2 phase was found to convert into an orthorhombic phase at temperatures above 600C (6) . This apparent difference might be explained by the slow conversion process, as reported by Parant el al., in which the transformation temperatures from  to  and from  to were found to be separated by 100C at the very slow rate of 10C hr -1 (6) . Moreover, the initial work by Delmas et al. reporting somewhat low electrochemical storage capacities for monoclinic (O'3) NaMnO 2 (4) was recently revisited by Ma et al. who showed that this structure is offering large capacities (200 mAh/g) when cycling up to 3.8 V at low rates (9) .
In the light of these reports, we have opted to investigate the P2 Na 0.6 MnO 2 and O'3 NaMnO 2 structures as cathode materials in the form of thin films which may aid understanding diffusion and surface reactivity. The as deposited thin films were annealed using various conditions to influence the structure and electrochemical properties. The materials structures were characterized with various techniques: (X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray absorption spectroscopy (XAS). Their electrochemical properties were measured with galvanostatic cycling.
Experimental

Samples preparation
Na-Mn-O thin films were deposited onto Pt-coated alumina substrates (1 cm diameter, Valley Design) by RF magnetron sputtering using 2" diameter homemade targets. The sputtering targets were sintered from Mn 2 O 3 and Na 2 CO 3 precursors to yield final ratios of Na/Mn of 0.4 and 0.7, as determined by energy dispersive x-ray analysis (EDX). Sputtering at 5mTorr Ar pressure and 80W RF power yielded Na-enriched thin films with Na/Mn ratios of 0.6 and 1.0 determined by EDX, respectively. Deposition rates were measured with a quartz microbalance and film thicknesses were varied from 0.4 to 6 m depending on the characterization. In order to investigate the effects of post-annealing on the Na x MnO 2 material properties, as described by Parant et al. (6) and Caballero et al. (8) , the thin films with the Na/Mn ratio of 0.6 were annealed at 750C in pure O 2 for 1 hour and subsequently quenched to room temperature. Post-annealing at 550C in pure O 2 for 2 or 4 hours was conducted on some of these samples, subsequently followed by quenching to room temperature. The thin films of Na/Mn ratio of 1.0 were annealed at 750C in pure O 2 for 1.5 hours and subsequently quenched to room temperature. After preparation, the thin film samples were stored inside an Ar-filled glovebox to prevent reaction with moisture.
Characterization SEM characterization of the thin film electrodes was performed using a Hitachi S4800 cold-field emission SEM that is equipped with an EDAX silicon drift EDX detector. Elemental analysis using EDX was performed using Na and Mn K-lines. XRD scans were acquired with a Scintag Pad V diffractometer employing a Cu K  source and energy dispersive detector, to minimize Mn fluorescence, typically over ranges from 15 to 70 2. Rietveld refinements of the patterns were performed using the GSAS software. Highresolution TEM (HRTEM) imaging was performed using a Hitachi HF3300 S/TEM instrument that was operated at 300kV. XAS at the Mn K-edge (6539 eV) was carried out at the National Synchrotron Light Source at beamline X-11B. Measurements were recorded from Kapton-sealed samples in X-ray fluorescence mode with a passivated implanted planar silicon (PIPS) detector. Mn 2 O 3 (99.9%, Cerac) and MnO 2 (99.997%, Puratronic, Alfa Aesar) were measured as references. After detuning the channel-cut monochromator by 30% before measuring the edge, a total of 5 scans were averaged. The XAS spectra were analyzed using the Iffefit and Horae software packages (10, 11) . The extended X-ray absorption fine structure (EXAFS) region of the spectra was fit to ab initio theoretical standards (12) .
Electrochemical characterization was conducted with two-electrode coin cells (2032 hardware, Hohsen) assembled inside an Ar-filled glovebox. The cells consisted of pure Na as counter electrode, two pieces of glass fiber separator impregnated by the electrolyte solution of 1M NaClO 4 dissolved in propylene carbonate (PC) / ethylene carbonate (EC) / dimethoxyethane (DME) in a ratio of 15/15/70 wt%, and the thin film cathode as working electrode. Galvanostatic cycling was performed on a Maccor 4000 series between 2 and 3.5 V vs. Na/Na + using currents of 5 to 10 A for electrodes with a surface area of 0.785 cm 2 . Capacities are expressed in Ah per cm 2 footprint area per m cathode thickness (Ah cm -2 m -1 ).
Results and Discussion
The morphology of the thin films can be seen in the SEM images presented in Figure  1 . The as deposited films are initially amorphous and the surface topology is influenced by the surface roughness of the Pt-coated alumina substrates (not presented). Following a post-deposition annealing heat treatment at 750ºC for 1 hr, the structure of the films of nominal composition Na 0.6 MnO 2 (Figure 1a ) consisted of high aspect ratio crystals that grew from the starting film in a 'bouquet' morphology. For the films post-annealed at 750 o C/550C for 2 hrs (Figure 1b ), the individual crystals remain visible despite some evidence of sintering during the second annealing step at 550C. These results are consistent with the data of Tevar et al., who reported that Na x MnO 2 crystals of Na/Mn ratios from 0.33 to 0.7 possess a similar crystalline rod-like morphology that can be attributed to their related crystallographic structures (13) . In the case of these thin films, the peculiar 'bouquet' morphology arises from the crystal growth of the rods from the material deposited onto the substrate. In the case of the films of nominal composition Na 1.0 MnO 2, Figure 1c , the crystals have a different morphology and do not contain elongated crystals. Instead the structure is reminiscent of small micron sized crystallites. This morphological difference is likely related to the differences in microstructure of Naricher O'3 microstructure.
Through quantitative EDX analyses, similar Na/Mn ratios (nominal composition 0.6) are found for the initial ratios of 0.57 and 0.55 Na/Mn that were post-annealed at 750C and 750C/550C, respectively. A ratio of 1.01 was determined for the sample of nominal composition 1.0. As demonstrated earlier for Li-ion cathode thin films, sputtering at low Ar pressure can induce film enrichment for relatively light elements such as Li (14, 15) and here Na. The microstructure of particles resulting from the films has been studied by HRTEM ( Figure 2 For the Na/Mn ratios of 0.6, annealing at 750C may produce an orthorhombic (6) or a hexagonal (9) phase. Post-annealing of this composition at 550C is expected to produce the pure hexagonal phase if sufficiently long reaction times are allowed (6) . For the films of nominal Na/Mn ratio of 1.0, annealing at 750C should yield films with a monoclinic structure of composition NaMnO 2 (6, 7, 9) . The schematic representations of these structures are presented in Figure 3 . The P2 structure (Figure 3a) is formed of layers of MO 6 octahedra with AB-BA stacking separated by Na slabs in which Na occupies a prismatic site. The orthorhombic structure (Figure 3b ) is derived from P2 upon elongation of an axis and the presence of Na atoms slightly above and below plane of the Na slabs. The monoclinic structure denoted O'3 (Figure 3c ), is formed by layers of MO 6 octahedra with ABC oxygen stacking separated by Na slabs in which Na atoms occupy octahedral sites. The XRD patterns measured on the thin films are presented in Figure 4 for different 2 regions of interest. The Miller indices are indicated next to the peak based on the hexagonal cell (H) for the films of nominal composition 0.6, and in the monoclinic cell (M) for the film of composition 1.0. The films of nominal composition 0.6 show very strong preferred orientation for crystallites with (002) planes parallel to the substrate. The resulting Rietveld refinements fitted with a spherical harmonic preferred orientation correction are given in Table 1 . Due to the strong preferred orientation effects, it is difficult to directly determine whether the films post-annealed at 750C are made of the hexagonal P2 or orthorhombic Cmcm structure. For the films post-annealed at 750C/550C the diffraction peaks shift to larger 2 values (Figure 4) , which supports the formation of a smaller unit cell; this is particularly prominent for the (00l) planes. Better refinement is obtained using a mixture of both phases, with a majority of orthorhombic structure (~84 wt%, Table 1 ). This result also suggests that the films made with a single post-annealing at 750C may be formed of the orthorhombic structure, which is refined with a lower  2 ( Table 1 ). The decrease of the c axis after a second annealing at 550C cannot be attributed to Na losses as the loss of Na would weaken the cohesion between the planes of MnO 6 octahedra and result in larger c values. Instead, we suspect that the second annealing allows the partial elimination of defects such as stacking faults. For the films of nominal composition 1.0, the structure primarily consists of the monoclinic phase along with a small minority of hexagonal phase (~3 wt%) 11.195 The changes in Mn oxidation state have been studied using X-ray absorption near edge spectroscopy (XANES), Figure 5a . Qualitatively, it appears that Mn in NaMnO 2 is more reduced than Mn in Na 0.6 MnO 2 whereas the XANES of the Na 0.6 MnO 2 films are nearly identical over the entire energy range. The lower edge energy for NaMnO 2 is in agreement with the presence of a larger fraction of Mn 3+ in the structure. Moreover, the nearly quasi-identical XANES for the Na 0.6 MnO 2 films is in agreement with the XRD data and Rietveld refinements showing the predominate formation of the orthorhombic structure in both cases. Interestingly, the edge positions of the samples differ significantly from the reference compounds Mn 2 O 3 and MnO 2 , and appear to be more positive than they expected. A precise description of the XANES is beyond the scope of this paper. Qualitatively, the edge energy depends on the formal cation oxidation state, the ligand electronegativity as well as lattice contributions. The presence of electropositive Na + may withdraw electron density from the O 2anions, which may effectively create more oxidized Mn cations. In addition, the lattice contribution may influence the XANES.
The local coordination has been investigated by modelling the EXAFS functions of the spectra (Figure 5b , Table 2 ). In all cases, a relatively good agreement is found between the experimental and fitted data. The Fourier Transform of the EXAFS shows two main peaks around 1.5 and 2.5 Å (not corrected for phase shift). The first peak is related to the coordination shell in the MnO 6 octahedra whereas the second peak corresponds to Mn-Mn and Mn-Na interactions. The interatomic distances are obtained after fitting the data with the structural model for the corresponding structures ( Table 2 ). In the case of the Na 0.6 MnO 2 samples, the Mn-O and Mn-Mn coordination shells are found to be the same for both films, which can be related to their very close a and b lattice parameters (0.5% deviation, Table 1 ). The Mn-Na shells, which indicate changes along the c direction, show significantly larger differences in agreement with the larger difference seen in c lattice parameter (Table 1 ). The electrochemical properties of these thin films are presented in Figure 6 . The profiles during the first charge show a small capacity, as expected from the desodiation up to 3.5 V (7-9). The subsequent discharge (sodiation) a steady sloping profile until an inflection around 2.2-2.3 V is measured. The second charge essentially shows the reversible processes with a plateau around 2.3 V and a slope until 3.5 V, whereas the second discharge is identical to the first. Several small inflections are visible in the profiles. These features are less pronounced than for the powder counterparts (7) (8) (9) , which indicates that the films electrode structures deviates somewhat from the ideal structures that can be achieved by solid-state powder synthesis. This difference may result from defects such as, perhaps twinning or stacking faults, a topic of future studies. The Na 0.6 MnO 2 films annealed at 750C show the most favorable potential profile with a significantly higher operating voltage. The films show storage capacities around 50-60 Ah cm -2 m -1 , which correspond to specific capacities near 120-140 mAh g -1 assuming the expected bulk densities of around 4.1-4.25 g cm -3 for the Na x MnO 2 parent materials. As indicated in Figure 6b the material can be reversibly cycled many times, which opens a route to study the properties of Na-ion thin film cathodes as model systems, or for the fabrication of Na-ion thin film solid-state microbatteries. Figure 6 . (a) Electrochemical potential profiles during the first two cycles and (b) cycle life for Na 0.6 MnO 2 750C 1 hr (light grey), Na 0.6 MnO 2 750C/550C (dark grey) and NaMnO 2 750C (black) thin film electrodes.
